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ABSTRACT 
* For many year6, experiments were performed on evapo-
rating soil samples at the soil physical laboratory of 
ICW, to determine the water retention characteristic 
and the unsaturated hydraulic conductivity. Boels and 
co-workers developped an automatic system for this type 
of experiment. 
* For these samples, soil hydraulic properties can be 
determined with two procedures of calculation: 
1. an instantaneous profile method, described by Wind 
in the late sixties 
2. a nonlinear parameter estimation method, adapted by 
Kool and co-workers in the eighties 
This note is the first part of a work in which i6 
investigated the reliability and the precision of the 
two procedures. In this note, the theoritical aspects 
are presented, as well as the main point6 discussed in 
literature about each procedure. 
* As a conclusion, two approaches will be proposed, 
for a further work: 
1. the use of "numerical experiments" 
2. the use of experimental data 
MAIN SYMBOLS AND CONVENTIONS 
z : depth [L] 
t : time [T] 
9 : volumetric water content [L3.L-3] 
h : sorption potential (1) [L] 
K : unsaturated hydraulic conductivity [L.T-1] 
pF : log(|h|) ; h-value expressed in cm [log(L)3 
C : water capaci ty ( d&/<3h ) [L- l ] 
q : flux density [L.T-1] 
* For sake of clarity, the following system of units is 
used: cm, day. 
* "Zavel" is a term of the Dutch textural classification, 
It corresponds to an holocene and marine deposit, with 
a clay content ( 0 « 0.002 mm ) between 8 and 25% (FAO, 
1960) . 
(1) sorption potential is equal to the total potential 
minus the gravitational potential. 
* INTRODUCTION 
* For many years, experiments were performed on evapo-
-rating soil samples at the soil physical laboratory of 
ICW, to determine the water retention characteristic and 
the unsaturated hydraulic conductivity . Boels and co-
workers (1978) developed an automatic system for this 
type of experiment. 
For these samples, soil hydraulic properties can be 
determined with two procedures of calculation: 
1. an instantaneous profile method, described by Wind 
(1966) in the late sixties; 
2. a nonlinear parameter estimation method, adapted by 
Kool and co-workers (1985b) in the eighties. 
The purpose of this work is to investigate the relia-
-bility and the precision of the two procedures for the 
determination of soil hydraulic properties. 
K 
The theoritical aspects on which are based calculations 
will be presented in this note. Also, for the two methods, 
some results that can be found in literature will be 
discussed. 
As a conclusion, some propositions will be made for a 
further work. 
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1 - EXPERIMENTAL SET-UP 
11. DESCRIPTION 
A vertical column of soil, initially saturated (or wet) 
is allowed to evaporate at the top; all other sides are 
completely closed. Several times a day, the total weight 
of the column is read, and sorption potential is measured 
at different depths of the column. 
* At the end of the experiment, the final water content is 
measured, so that the changes of mean water content with 
time can be calculated from the change in weight. 
Evaporation rate can also be calculated by multiplying 
the changes of mean water content with time by the total 
height of the sample. 
* When measuring potentials, Wind used resistive nylon 
blocks. 
In the automatic system developed by Boels et al. (1978), 
potentials are recorded with microtensiometers (porous 
cups which have a length of about 6 cm and a diameter of 
about 0.6 cm) . 
So, now potentials can be measured till about -800 cm. 
In that way, an experiment is carried out about 2 days 
(heavy soils) till about 20 days (sandy soils). 
Fig.l gives the dimensions of the samples used at FYSLAB. 
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-10,3 cm-
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• Channel 5 
• Channel 4 
Channel 3 
Channel 2 
«•Channel 6 
Channel M • Reference level 
Fig. 1 - Set-up used at FYSLAB for the 
determination of soil hydraulic properties 
(schema) 
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12. HYPOTHESES 
121. FORMULATION 
For both methods of determination, some classical hypo-
theses are admitted: 
Al - validity of fluxes theory 
A2 - tridimensional transfers (vertical) 
Bl - no swelling and no shrinking 
B2 - soil air pressure i6 equal to atmospheric pressure 
B3 - osmotic potential is negligible 
B4 - isothermic conditions 
B5 - vapour flow6 into the soil are negligible 
C - sample homogeneous for it6 hydraulic properties 
D - measurements are reliable. 
Soil hydraulic properties determined here correspond 
only to desorption. 
122. SOME REMARKS 
About hypotheses Bl to B5, Vachaud et al. (1978) 
consider that the validity of hypothesis Bl is very 
important to ensure (they studied a field situation). 
Whenever it is possible to distinguish different layers 
in the sample, hypothesis C may not be admitted. In that 
case calculations become more tedious (with different 
soil hydraulic properties) and will not be considered 
here. 
In any case, when studying undisturbed soil samples, 
sample size should be representative of the soil 
structure to be characterized. Bouma (1977) has 6hown 
that this is an important point, particulary in clayey, 
pedal soils (an example is represented at Fig.2, for 
the determination of saturated conductivity when using 
samples of different sizes). 
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Fig. 2 - Saturated hydraulic conductivities , mean and 
standard deviations (s) determined for series of cores 
with different heights (Batavia silt loam, after Anderson 
et al.,1973) 
(after Bouma,1977 ; modified) 
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* Concerning hypothesis D , the main problem encountered 
is the equilibrium of tensiometers. 
According to Boels et al. (1978), in practice, the 
response time at 1 % precision of the microtensiometers 
used here should be less than 10 min, except for dry 
coarse sand. 
When the microtensiometers are not in equilibrium, it 
seems that it can affect very much the calculation of 
gradients of potential (Boels, 1975 ; and Boels, ICW, 
1988, personal communication). 
Otherwise, the different instrumental incertitudes and 
biases are: 
Al. incertitudes on tensiometric data 
A2. incertitudes on load cell data 
Bl. tensiometers are not in equilibrium 
B2. tensiometers are installed at a wrong depth 
B3. load cell data are biased 
B4. some tensiometers do not work well 
13. DATA ACQUISITION 
* Load cell data are digitized and the smallest 
difference between two recorded values is 5 g . 
Compared to this step of 5 g, the incertitude on 
the measurements is much smaller (Halbertsma,ICW, 
1988,personal communication). 
* It is possible to assume that incertitudes on 
tensiometric data are normally distributed with a 
standard deviation of 0.3 cm (Halbertsma,ICW,1988, 
personal communication ; FYSLAB,1988). 
* Raw data recorded with the automatic system are 
processed by an operator using a graphic program, 
so that abnormal data are deleted and replaced by 
interpolated values (FYSLAB,1988). 
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2. INSTANTANEOUS PROFILE METHOD 
21. MATHEMATICAL ASPECTS 
* This method which is an instantaneous profile method 
(Klute et al.,1986) adapted for laboratory, has been 
described by Wind (1966). It has been also called the 
"evaporation technique". 
One advantage of this method is that measurements of 
water content at different depths of the sample (which 
is quite laborious nowadays, eg. gamma technique) are not 
required, neither the determination a priori of the 
water retention curve: 
1. Wind (1966) assumes that the sample can be divided in 
different layers defined by the depths of tensiometers 
(in general, the depth of one tensiometer is defined as 
the middle of one layer), these layers having a constant 
profile of sorption potential and water content. This is 
of course an approximation, because the water content 
and the sorption potential vary monotonously with depth. 
2. First, an a priori water retention curve i6 assumed (eg. 
defined as the relation between the mean water content 
and the mean of sorption potentials measured at the same 
time). 
3. Then the "correct" water retention curve is determined 
by an iterative prodedure proposed by Wind (1966), 
where the mean water contents of the sample (calculated 
from the load cell data) are fitted with the means of 
water contents estimated for the different layers 
(estimated from the potential measurements and the 
expected water retention curve). 
Unsaturated conductivities are calculated for the mean 
depths between two tensiometers with Darcy'6 law, mass 
conservation law, and by doing linear interpolations 
(see Tab.1). 
The method has some disadvantages: 
L. The measurements cannot be continuated for potentials 
beyond the tensiometer's air entry pressure (see [11]), 
i. close to saturation, gradients of sorption potential 
are very 6mall, and difficult to measure. Incertitudes 
on those gradients will affect the precision of the 
calculation of. hydraulic conductivities (Wind,1966 ; 
Bouma, 1977). 
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Table 1. Instantaneous profile method : thcoritical equations and 
discretization for the calculation of the unsaturated conductivity 
a. Theoretical equations 
m 1£ - _ IS {
 ' 3t " 3z 
(2) 
(l) + (2)-(3) 
(3)-M4) 
* < £ - * > 
at - az [ K {az 1} 3 
30 
at 
dz = * < i -1> 
(mass conservation law) 
(Darcy's law) 
(Richard's equation) 
(integration of (3)) 
z: depth 
t: time 
0: volumetric water content 
h: sorption potential 
Z : reference level (no flux) 
r , 
Z : depth at which K is calculated 
K : unsaturated conductivity (at depth Z) 
q : flux (at depth Z) 
Table 1 (cont inued) 
b . D i s c r e t i z a t i o n of t h e s y s t e m 
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V l ' Z i -1 ' h i - l ' 0 i - l 
i . , z . , h. , e . 
l i i i 
s , z , h , e 
n n n n 
l aye r i - 1 
l aye r i 
z . ., . , h. „ . , 9. , . , K. ., . 
1 - 1 , 1 i - l , i 1 -1 ,1 i - l , i 
Z (no f lux cond i t i on ) 
r 
(4) + (5) 
(6) 
(7) 
(8) 
i: A0. 
j = n 
Vu 
Vi.i 
Vi.i 
Ah . 
M . = K. , . . ( . 1 " 1 , 1 -j i - l , i A z . _ 1 ( i 
• i (Vi+V 
- \ { h i - i + V 
- i (9i-i+9i» 
- n 
i : l a y e r number ( 1 , 2 , 3 , 4 ) 
n = 4 ( in t h i s case) 
z . : depth of the middle of l ayer i 
St.: t h i cknes s of l aye r i 
0 . : vo lumet r ic water content of 
l aye r i 
h . : s o r p t i o n p o t e n t i a l of l aye r i ; 
mean va lue over the time s t ep At 
K. , . corresponds to z. ., . , h. „ . , 0.
 H . 1 - 1 , 1 1 - 1 , 1 i - l , i l - l . i 
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3. when the soil is more dry, calculation of potential 
gradient with linear interpolation is less reliable, 
and it will affect the precision of the calculation 
of the conductivity (Boels et al.,1978 ; see Tab.2 ). 
4. also, because the water retention curve is fitted on 
the data, all the incertitudes on this fitting procedure 
will be forced into the calculation of conductivities. 
biases due to the calculation of fluxes are a priori 
cumulative from the depth at which the flux is used as 
boundary condition. So, far from this depth, calculation 
of conductivities are less reliable (Wind,1966 ; Boels 
et al.,1978). 
Wind (1966) U6ed as boundary condition the surface of 
the sample (flux is evaporation rate). Because a priori 
gradients near the 6oil surface are the highest, the 
bottom of the sample (no flux), is used now as boundary 
(linear interpolations should be more reliable). 
Tab. 2 - Instantaneous profile method : bias on potential 
gradients due to a linear interpolation (after Boels et 
al.,1978 ; modified) 
data 
Az 
(cm) 
1 
3 
Ah 
(cm) 
15 
50 
100 
200 
15 
50 
100 
200 
overestimation factor of (Ah/Az) 
coarse 
sand 
2.14 
6.96 
13.93 
27.86 
1.86 
6.04 
12.10 
24.16 
fine 
sand 
1.04 
1.46 
2.50 
4.94 
1.03 
1.43 
2.44 
4.82 
sandy 
clay loam 
1.02 
1.24 
1.84 
3.48 
1.02 
1.22 
1.81 
3.42 
clay 
loam 
1.01 
1.12 
1.47 
2.52 
1.01 
1.12 
1.45 
2.49 
light 
clay 
1.01 
1.06 
1.23 
1.81 
1.00 
1.05 
1.22 
1.80 
This is a theoretical calculation based on an empirical 
exponential formula for K(h) given by Rijtema (1965). 
Ah : difference of potential 
Az : distance 
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22. BIBLIOGRAPHY 
It seems that the method described by Wind (1966) has 
been discussed only by a small number of authors. 
Even more, the only paper we have found that tries to 
quantify the influence of the different biases or 
incertitudes on the calculation of conductivities for 
this method is the study of Boels et al. (1978) related 
to the consequences of linear interpolations done on 
gradients of potentials ( Tab. 2 ). 
Other authors have made comparisons between the method 
of Wind and other methods, when using experimental data. 
221. DETERMINATION OF THE WATER RETENTION CURVE 
* Van Boheemen et al. (1983,1984) present results related 
to the different horizons of a plaggen soil (sand 
fraction > 85% ). 
In the dry part of the water retention curves (matric 
potential below -50 cm for samples of the A horizon and 
below -500 cm for samples of the B horizon), the curves 
obtained with the method of Wind approach the first 
drying curves obtained with the tension plate technique 
(Stakman, 1969b). 
But at high water contents, differences are found with 
the same first drying curve. Also maximum water contents 
obtained with the method of Wind were 0.07 to 0.15 lower 
than the measured porosities on samples of the same kind. 
So, because hysteresis phenomena have been observed for 
the samples, the water retention curves obtained with the 
method of Wind have been interpreted as drying scanning 
curves. 
Beuving (1984) made comparisons for very different 
kinds of soils, with the results from the tension plate 
technique (range pF 3.0 to 4.2 , Stakman et al., 1969) 
and the sand box apparatus (range pF 0 to 2.7 , Stakman 
et al.,1969) . 
The conclusions of Beuving are for many cases the same 
as those of van Boheemen et al. ( Fig. 3 ). 
Another examples of this.kind of comparison will be 
provided later (Tamari,1988c). 
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However, it must be pointed out that the interpretation 
of the results obtained with sand box apparatus and the 
tension plate pressure as first scanning curves mu6t be 
done carefully: 
1. rather long time are needed to get the equilibrium 
(eg. more than 15 days with the tension plate technique) 
otherwise the results are not reliable (too high water 
contents are obtained); 
2. it iß difficult to get a "complete" saturation of soil 
samples. 
Also, the comparison of these methods concerns samples 
of different size6 (samples used for the tension plate 
technique and the sand box apparatus are smaller). This 
can also explain, at least partly, the differences found 
by authors. 
223. DETERMINATION OF UNSATURATED CONDUCTIVITY 
Because of the criticizms related to the "wet" range, 
Bouma (1977) considers that the crust technique is more 
suitable in this range ( see paragraph [21] ). 
Hassan (1971) presents results for clay soils of a 
comparison between this method and the transient flow 
method. 
But this author seems to have used the two methods for 
different range of potential: the K(h) relationship 
has been determined with the transient flow method for 
pF < 2 and with the method of Wind for pF > 2 (using 
gypsum blocks). Plotted on the same graphic, the two 
parts of the K(h) curve have the same shape. 
He has also compared this whole experimental curve to a 
predicted curve based on Marshall's formula (1958), and 
he concluded that the agreement was quite good. 
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Fig. 3 - Water retention characteristics obtained with 
the method . of Wind and with the sand box apparatus 
(after Beuving,1984) 
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Fig. 4 - Comparison of the hydraulic conductivity 
data obtained with the method of Wind, the crust 
test technique, the permeameter and from field 
percolation profile data (after van Boheemen et 
al.,1984 ; modified) 
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From their results, van Boheemen et al. (1984) 
conclude that the junction of conductivity curves 
obtained with the method of Wind (1966) and with 
the crust technique (Bouma,1977) is "good". 
But according to the published figures, the junctions 
of K(9) curves correspond to only few points (Fig.4). 
Beuving (1984) has made some comparisons between the 
results of the evaporation method (Wind,1966), and those 
obtained with the column method (range h = 0 to -50 cm; 
Bouma,1977) and with the hot air method (range pF = 2 to 
5.5 ; Arya et al., 1975) . The method of Wind has provided 
data for a range of h from -10 (clay) or -80 cm (sand), 
to -800 cm. 
No problems are related to the junction of K(h) curves 
obtained with the method of Wind and with the column 
method, although the column method has been used here by 
wetting the samples. 
Some problems appear when comparing the method of Wind 
to the hot air method, especially the K(h) curves are 
sometimes different at their junction (potential value 
close to -800 cm): the conductivities obtained with the 
hot air method are 5 to 10 times higher than the values 
obtained with the evaporation method (Beuving,ICW,1988, 
personal communication). In this case, Beuving considers 
that the hot air method is less reliable, at least because 
the calculation of conductivity is based on a water 
retention curve not determined on the same sample. But 
on the opposite, he indicates that the samples used 
for the evaporation method may have been more compacted. 
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23. DESCRIPTION OF THE CHOSEN CALCULATION PROCEDURE 
The determination of soil hydraulic properties has been 
done with a set of FORTRAN programs (see FYSLAB,1988), 
written by Halbertsma (ICW,1986,not published). 
From the raw experimental data, the weight of the 
samples (load cell data) are fitted with a polynomial 
(maximum fourth order). 
With those programs, during the procedure of determi-
-nation of the water retention characteristic, this 
characteristic is fitted after each iteration with a 
polynomial (maximum sixth order). This polynomial 
regression can be done on "normal data" (|hl versus ©) 
or on "half-log data" (log|h| versus ©). 
* The original program that determines conductivities via 
Darcy'law does not give these conductivities: 
1. if the calculated flux is negative (for a positive 
direction from the bottom to the top of the sample); 
2. if the calculated gradients of potential is too small 
(in absolute value) compared to incertitudes on 
tensiometric data (standard deviation = 0.3 cm). 
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24. FEW OTHER SIMILAR PROCEDURES 
241. BASED ON THE SAME EXPERIMENTAL SET-UP 
When the 6oil iß drying, the calculation of gradients of 
potentials with linear interpolations becomes les6 reliable 
(see [21]). For this situation, Boels et al. (1978) propose 
to split the K(h) relation into parts which have an 
exponential form (over a time step and between two layers): 
a formula for the conductivity is derived where these linear 
interpolations are not used. 
242. ABOUT THE •'CLASSICAL" INSTANTANEOUS PROFILE METHOD 
* A review of instantaneous profile techniques, used at 
the laboratory or in the field, has been done by Klute 
(1972). Technical aspects are described in details by 
Klute et al. (1986). 
Klute (1972) considers that the precision of this method 
is "good", provided one takes care not to use too small 
samples (see [21] ). 
Also he recommends to measure both potentials and water 
contents on the same sample. 
Usually, water contents of the different layers are 
directly measured (eg. using gamma technique at the 
laboratory). 
If so, the determination of the soil hydraulic properties 
is based on simple calculations (no iterative procedure 
is required for the determination of the water retention 
curve), even with an heterogeneous soil (provided that 
each layer is homogeneous). 
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The influence of incertitudes and biases on the 
calculation of conductivities can be estimated rather 
easily when water contents and potentials are measured 
for the different layers. 
Fluhler et al. (1976) have studied, for a field drainage 
experiment, the influence of the spatial variability, 
of instrumental incertitudes (tensiometric and neutron 
gauge data) and of numerical biases (numerical integra-
-tions and linear interpolations). 
For a sandy loamy soil, they found that relative incer-
-titudes on conductivities were about 20 to 30% in the 
wet range, and superior to 100 % in the dry range 
(see Fig.5). The influence of incertitudes on potentials 
data were prevalent for hydraulic gradients lower than 
0.3 cm/cm. 
^ icr 
0.12 0.14 0.16 0.18 0 .20 0.22 
VOLUMETRIC WATER CONTENT 9 ( cm 3 cm-5) 
Fig. 5 - Confidence intervals on the calculated 
unsaturated conductivities obtained from field data 
The incertitudes have been calculated by means of 
the "error propagation equations" (after Fluhler et 
al., 1976) 
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3. NONLINEAR PARAMETER ESTIMATION METHOD 
A mathematical description of the nonlinear parameter 
estimation techniques have been done, among others, by 
Bard (1974) and Stol (1975). Yeh (1986) presents a 
review of possible applications of these different 
techniques for groundwater hydrology. 
Here, only applications for the determination of soil 
hydraulic properties, when hypotheses listed in paragraph 
[12] are valid, will be considered« 
31. MATHEMATICAL ASPECTS 
* Nonlinear parameter estimation methods can be sum-
-marized as follows (after Kool et al.,1985b): 
1. Hydraulic properties are assumed to be described by a 
given model that contains a certain number of unknown 
parameters. 
2. Some flow-controlled attribute is measured at a 
number of times during an experiment. 
3. The same flow process is simulated numerically using 
initial guesses for the unknown parameters. 
4. Step (3) is repeated with adjusted parameter values 
at every step until an optimum match between observed 
and simulated response is obtained. 
5. Back-6ubstitution of final parameters values into the 
assumed model yields the soil hydraulic properties. 
* The flow process is described by Richard's equation; a 
formulation for vertical flow is given at Tab.3a. This 
process is submitted to boundary conditions, also given 
at Tab.3a for the studied experimental 6et-up. 
* Often, soil hydraulic properties are assumed to be 
described by the model of "Mualem-van Genuchten" (see 
paragraph [34]). The analytical formulas for 9(h) and 
K(9) relationships corresponding to this model are given 
at Tab.3b . Thi6 model contains six parameters: ©s , Ks , 
0r , 4 , N and 1. 
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Table 3. Nonlinear parameter estimation method 
a. T h e o r e t i c a l e q u a t i o n and boundary c o n d i t i o n s 
/M \ n 3h 3
 r ., ,3h „ v . 
(1) c(h)- at • 3i[ K(h)- ( ä i - 1} ] (Richard's equation) 
(2) h.
 t. = h„, . for t = 0, 0 < z < L (initial condition) (z,t) 0(z) 
(3) 3h(zt)/3z - 1 for t > 0, z = L 
-
(4) 30(z,t)/at = q0(t) for t > 0, z = 0 
(bottom condition) 
(top condition) 
depth (0: top, L: bottom) 
time (0: start) 
sorption potential 
volumetric water content 
K : unsaturated conductivity 
C : water capacity (= 30/3h) 
q : evaporation rate 
h„: initital profile of potential 0 
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Table 3 (Continued) 
b. A n a l y t i c a l model ("Mualem-van Gcnuch ten" ) 
(1) Se(G) 
(2) m 
(3) se(h) 
U) K(Se) 
0 - 0 
r 
0 - 0 
s r 
= 1 -
( 1 • k.h|N f for h < 0 
K . S* . [ 1 - ( 1 - S1/"' )"' ]' 'm ,m ,2 
s e 
0 
h 
K 
S 
volumetric water content 
sorption potential 
[L3.L-3] 
[L] 
-1. unsaturated hydraulic conductivity [L.T ] 
effective saturation [-] 
saturated conductivity 
saturated water content 
3 -3 
residual water content (empirical) [L .L ] 
[L.T A] 
[L3.L-3] 
a : empirical parameter 
i : empirical parameter 
N : empirical parameter 
CL"1] 
[-] 
[-] 
c. Objective function to minimize 
'(b) =I^(b) ) • W • («-«'^) l(b) 
0: objective function 
q: observation vector (eg. h(z,t), 0(z,t), 0(h), ...) 
q: model prediction vector 
b: parameter vector (K , 0 , 0 , a, N, 1) 
s s r 
W: weighting matrix (for details on W see Kool et al., 1987b) 
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32. BIBLIOGRAPHY 
For the simultaneous determination of soil hydraulic 
properties, nonlinear parameter estimations techniques 
have been used for seven years (as far as we know, the 
first were Zachmann et al., 1971). 
Appendix I gives some references for this problem, that 
can be found in literature (mathematical aspects are 
not presented in this analytical table). 
321. PROBLEM OF UNIQUENESS OF THE SOLUTION 
Often, the question of the existence and uniqueness of 
the "solution" is reported. 
Most of the time, the only interest seems to be focussed 
on situations for which the uniqueness of the "solution" 
is ensured. 
For this point of view, mainly numerical experiments have 
been carried out, and the following points are discussed: 
1. the definition of the experimental set-up required, and 
the precision needed on input data (Zachmann et al.,1982; 
Kool et al.,1985a) or on boundary conditions (Dane et al. 
1983) . 
2. the maximum number of parameters of one analytical 
model that can be estimated. As a matter of fact, 
according to Kool et al. (1987b), there is often a 
"direct relation" between the number of "local 
minima" of the objective function and the number of 
fitted parameters (see below). 
3. the choice of the initial parameter values. 
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* Sometimes, the discussion about uniqueness of the 
"solution" is not clear: 
For a mathematical point of view, the "solution" 
is the final set of estimated parameters, but for 
a practical point of view, the "solution" may be 
defined as the final predicted hydraulic properties. 
Often, when comparing the results obtained with 
different initial estimations, it i6 concluded that 
there is "one" solution, only because the final 
parameter estimations are nearby (Zachmann et al., 
1982). 
Anyway, Kool et al. (1985a) discuss at the same time 
both aspects: "uniqueness" of parameter estimations 
and "uniqueness" of predicted hydraulic properties. 
For an hypothetical situation, they conclude that 
"whereas the final parameter estimates exhibited some 
heterogeneity, essentially identical ©(h) predictions 
were obtained over the experimental range in h from 0 
to -1 m. For h < -1 m, predictions diverge markedly, 
reflecting nonuniqueness 
often, when it is concluded that there are "different" 
solutions, only one is chosen that corresponds to the 
best prediction of the observations (Parker et al. , 
1985 ; Dane et al., 1983). 
The prediction of the observation is based on a criterium 
characterizing all these data: the sum of squares or a 
correlation coefficient between observations and their 
prediction. 
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* If there is no uniqueness of estimated parameter sets 
for a given problem, we may imagine that it corresponds 
to a response surface (sum of squares versus parameters 
values) with a particular topology, at different scales 
of observation: 
1. The response surface may have very different minima. 
Since the analytical model describing soil hydraulic 
properties is based on empirical assumptions ( [2.4] ), 
or since there are not enough experimental data available, 
or since the incertitudes on the experimental data are 
too big, the nonlinear parameter estimation method may 
lead to very different solutions (or to no solution) if we 
compare the results obtained with several initial 
parameter sets. 
For such a situation, it seems illusory to start the 
calculations with some completely "unrealistic" initial 
parameters values. 
If we use only some rather "realistic" sets of initial 
parameter values, it is still possible to get some 
solutions which are quite different. Then, one could 
consider that the nonlinear parameter estimation method 
(as it has been defined by the user) is still reliable, 
since the estimated parameter sets which correspond to 
the best prediction of the observations also correspond 
to the best prediction of the soil hydraulic properties 
(at least, in the domain of the fitted data). 
2. Close to one minimum, different local minima may 
exist. 
This situation indicates a poor sensitivity of estimated 
parameters, for a given problem. 
So it would be interesting to retain all the parameter 
estimations corresponding to a group of local minima, 
because it would provide an idea of the precision of 
the technique. 
An example of surface response with different minima is 
given by Carrera et al. (1986), for an hypothetical 
situation ( Fig. 6 ). But in practice, according to Carrera 
et al. (1986), one must be careful when looking at the 
results of the nonlinear parameter estimation method: A slow 
convergence of the estimated parameter values during the 
iterative process may induce a wrong interpretation about the 
existence of several minima. 
In another domain, the estimation of apparent thermal 
conductivity, Bruckler et al. (1987) provide examples 
of surface response with a unique minimum. 
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Often, it is concluded from numerical simulations, that 
initial parameter estimations should be "realistic" 
(Zachmann et al.,1982; Dane et al.,1983; Kool et al.,1985a) 
But when applying the method to experimental data, inital 
estimations cannot be found very easily. Different 
methods for the definition of initial estimations are 
used: 
1. Dane et al. (1983) have used a grid of 16 combinations 
for two estimated parameters. 
But when the number of estimated parameters is quite 
high, a big grid is required, and also the probability 
to find a "realistic" inital estimation by chance is 
quite low. 
For the model of "Mualem-van Genuchten", it is possible 
to get an approximative estimation of the parameters 
{af,N,9r} since a water retention curve is available for 
the soil considered (Van Genuchten, 1978). 
This will lead to only one parameter estimation, and 
does not give any answer to the question about unique-
-ness of the solution. 
It could be possible to change a little the previous 
initial estimation, and see if the same final estimation 
is always obtained (eg. Kool et al., 1987b). But this 
approach does not permit to study systematically the 
problem of the existence of "very different minima". 
Morethan, even a little modification of an initial 
estimation may lead to a not "realistic" initial 
estimation if parameter values are strongly correlated 
(eg. strong correlations between {e(,N,Ks} reported by 
Kool et al.,1987b). 
3. Finally, it seems that it would be helpful to use some 
some sets of parameters values directly fitted on 
experimental data as initial estimations. 
As a matter of fact, those 6ets would correspond to 
"realistic" soil hydraulic properties, at least for one 
kind of soil. 
The problem remains to find a list of directly fitted 
parameter values in literature, for many soil6 and for 
the same analytical model. 
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K1.K2 : parameters 
• true parameters 
+ local minimum 
A prior estimates 
(see the paper) 
Fig. 6 - An example of application of nonlinear parameter 
estimation technique to an hypothetical situation : 
Contours of estimation criterion in the log-conductivity 
domain (after Carrera et al., 1986) 
o. so 
Fig. 7 - Actual and estimated hydraulic properties for a 
hypothetical porous medium: (a) water retention curve ; 
(b) unsaturated hydraulic conductivity curve (after Kool 
et al., 1987b) 
These figures are based on the results of Zachmann et al, 
(1982): the analytical model for the hydraulic properties 
does not correspond to the same analytical functions 
used as "true" hydraulic properties. 
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322. PERFORMANCE OF THE SOIL HYDRAULIC PROPERTIES MODEL 
The question of the performance of a model is not often 
discussed. 
However, Zachmann et al. (1982) have shown, with numerical 
simulations, that if an analytical model of hydraulic 
properties different from the original is used, a good fit 
between observed data and their prediction may be obtained, 
while predicted hydraulic properties are in very bad agreement 
with the original ones ( Fig.7 ). 
Zachmann et al. (1982) also suggest that with a "good" model 
the results should not depend on the input data (if they 
correspond, of course, to the same soil). 
This remark may be applied to the results published by Kool 
et al. (1985a), who have used the model of "Mualem - van 
Genuchten": for the same hypothetical soil, it appears that 
one initial estimation can lead to a high correlation 
coefficient between observations and their prediction if 
input data corresponds to 3 hours of observations, while it 
will lead to a low correlation coefficient if input data 
correspond to 6 hours of observations. 
Morethan, a "good" model (for a given problem) should 
give "good" statistical results, that can be computed for 
many resolution algorithms: small correlations between 
estimated parameters, small coefficients of variation for 
estimated parameters, no autocorrelation of residual dif-
ferences between observations and their prediction... 
* But most of the time, the analytical model of "Mualem-
van Genuchten" is used, because in practice it provides 
rather good results for many direct problems. 
Some "direct" criticisms may be done for this model (see 
paragraph [34] ) . 
* Kool et al. (1987b) report an index for the comparison of 
different model performances (Akaike information criterion), 
but compute it with approximations (see paragraph [323]). 
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323. STATISTICS 
Examples of statistical results related to estimated 
parameters are given in paragraph [33]. 
But according to Yeh (1986), "so far, only linear 
statistical methods have been used for testing the 
validity and assumptions and model fit as well a6 
estimating the reliability and significance of the 
model and its parameters. However, the inverse problem 
in groundwater is basically nonlinear". 
The development of statistics for nonlinear parameter 
estimation techniques seems to be interesting: as a 
matter of fact, provided that a certain number of 
assumptions are valid, it is possible to calculate 
for a given analytical model and with some statistical 
results on estimated parameters, the "standard deviation" 
of the fitted model (eg. see Schultz,1930). 
The statistical results required are the "mean" values, 
the "standard deviations" and the correlation coefficients 
between the estimators of the parameters. 
The assumptions are the following: the analytical model 
is valid in theory and statistical results are based on 
correct hypotheses. 
324. PERFORMANCES OF COMPUTATION TECHNIQUES 
The choice of the best computation technique is not 
discussed by authors quoted in Appendix I , still dif-
ferent techniques have been used ( Tab.4 ). 
About the calculation of the objective function to 
minimize ( Tab.3c ), Carrera et al. (1986) show that 
different definitions of this function (with different 
pondérations or with logarithmic transformations) may 
correspond to different response surfaces, with one or 
more minima. 
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About the performance of optimization techniques 
Kool et al. (1987a) note that they are very dependent 
on the problem to solve. 
But the choice of an optimization technique will just 
affect the computing time, which is not so an important 
problem now, since "big" computers can be used ( Stol, 
1988, personal communication). 
Tab. 4 - Two examples of computation techniques for 
nonlinear parameter estimation. 
Objective 
function 
Direct 
problem 
Optimization 
technique 
Zachmann et al.(1981) 
Ordinary least 
square problem 
Finite 
differences 
Steepest 
descent 
Kool et al. (1985b) 
Ponderated least 
square problem 
Finite 
elements 
Marquardt (1963) 
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325. COMPARISON WITH OTHER METHODS 
With experimental data, different comparisons between 
soil hydraulic properties predicted with a nonlinear 
parameter estimation method and determined directly have 
been done. 
1. Different kind of soils have been tested: 
In the range of measured data, the agreement is quite 
"good" according to authors. 
But for the model of "Mualem-van Genuchten", it is 
reported that the parameter Ks is difficult to estimate 
since only data for unsaturated conditions are used 
(Kool et al.,1987a; Dane et al.,1983). 
Also for the same model, the parameter 9r is not very 
sensitive to the problem, if only data for the "wet" 
conditions (pF < 3) are used (6ee the numerical study 
of Kool et al., 1985a). 
2. A few experimental situations have been tested: 
For laboratory, mainly one-step outflow experiments 
are described (Parker et al.,1985 ; Kool et al.,1985b) 
A set-up very close to our experimental disposition 
i6 described by Reignier (1986). 
For in situ conditions, mainly gravity drainage 
situations are described (Dane et al., 1983 ; Kool et 
al., 1987a,1987b). Kool et al. (1987b) also report an 
experiment with both drainage and evaporation). 
Other experimental set-up that have been studied with 
numerical studies have not yet been used in reality, 
maybe because a too complicate apparatus is required 
in practice, if one wants to get a unique solution 
with nonlinear parameter estimation: this seems to be 
the case of laboratory gravity drainage experiments 
(Zachmann et al., 1981,1982 ; Hornung, 1983) or of a 
set-up based on steady-state conditions (Richie et al, 
1988). 
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33. DESCRIPTION OF THE CHOSEN CALCULATION PROCEDURE 
* Parameter estimations have been done with the FORTRAN 
program SFIT (Kool et al.,1987b), for which: 
1. The flow process is simulated numerically with a finite 
element model. 
2. The objective function to minimize corresponds to the 
generalized (ponderated) least square problem (Tab.2c). 
3. The optimization technique to minimize this objective 
function "is the Levenberg-Marquardt method. 
* The observation vector (q) may contain different types of 
measurements (eg. potentials versus time and depth, water 
contents versus time and depth, some points of the water 
retention curve). 
When solving the generalized least square problem (Tab.3c), 
the elements (Wi) of the weighting matrix (W) are defined 
as follow: 
W = w . d 
i i i 
W : element of the weighting matrix W (for the 
i i-th observation) 
w : user-specified weight (default=l) 
i 
d : internally computed weight, 
i "The di are determined such that different types 
of measurements are weighted by an amount that 
is inversely proportional to their mean measured 
values after normalization so that measurements 
with lowest mean receive unit weight" 
* To start calculations with SFIT, an initial estimation 
of all the parameters must be given, but also the 
minimum and maximum values allowed for each parameters 
during iterations. 
According to preliminary runs, these minimum and maximum 
values do not seem to influence the final parameter 
estimation, since during iteration no parameter has 
reached its minimum or maximum value. 
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For different classes of soils of the Netherlands (Wosten 
et al.,1987), Wosten (1987) has fitted the analytical model 
of "Mualem-van Genuchten" to soil hydraulic properties 
determined with direct methods (26 classes; see Appendix II) 
For this analysis, it has been possible to set 9r = 0. But 
according to several authors, Or should be considered in 
general as an empirical parameter (see paragraph [34]). 
So optimizations have been carried out for the six para-
-meters { 9s ,of, N, 1 ,Ks ,0r } by using for initial parameter 
estimations the results given by Wosten (1987). The initial 
value of Or has been set equal to 0.001 (in order to avoid 
numerical "division by 0"). 
This different initial sets of parameters should be 
realistic at least for one textural class, and because 
they correspond to a large variety of soils, this enables 
to study the problem of the solution uniqueness ( [321]). 
* Parameter estimation is given by SFIT when one of the two 
convergence tests is passed (since there is no problem of 
convergence of the sum of squares): 
1. convergence test 1: between two iterations, relative 
variation of the sum of squares is inferior to 0.2%. 
2. convergence test 2: between two iterations, relative 
variations of all estimated parameters are inferior 
to 1%. 
* Some statistical results are given by the SFIT program. 
They are based on linear regression analysis methods, and 
are only approximative for nonlinear problems ( [323] ) : 
1. standard deviations of estimated parameters ; 
2. correlation matrix between estimated parameters ; 
3. square of linear correlation coefficient between 
observations and their prediction ( RSQ ). 
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34. SOME MODELS FOR THE SOIL HYDRAULIC PROPERTIES 
The prediction of soil hydraulic properties with models 
is a complicate problem. Many approaches exist and have 
been reviewed, among others, by van Brakel (1975) and 
Dullien (1975). 
When a theoritical approach is used, often the models 
are based on an approximative description of soil pore 
structure: because of the complexity of this pore 
structure, up to now there is no one satisfactory model 
able to predict all the transport phenomena observed in 
soils. As an example, van Brakel (1975) notes that "it 
appears that none of the models can give even a qualita-
tive description of capillary rise". 
341. THE GROUP OF THE "STATISTICAL" MODELS 
The name of this group, the so-called "statistical 
models", is proposed by Mualem (1986). Bouma (1977) 
prefers the term of "pore-interaction models". 
According to the classification of van Brakel (1975) it 
includes the category "tubes in series, random adjacent 
slices" and could be extended to the categories "tubes 
of different radii in parallel" and "parallel tubes with 
ideal connections". 
These models have been developed and tested mainly in 
connection with the saturated or unsaturated hydraulic 
conductivity of porous media. They have the advantage in 
practice to provide in general rather accurate results, 
compared to other models, for a small number of input data 
rather easy to obtain and for rather simple calculations. 
But they cannot predict some phenomena such as hysteresis 
(eg. see Thirriot, 1982). 
These unidimensional models are based on the 6ame main 
hypotheses (eg. see the review of van Brakel, 1975). The 
main characteristic is the geometrical conceptualisation 
of the porous media ( Fig.8 ): 
1. the soil pore system has the same behaviour as a bundle 
of cylindric, parallel and rigid capillairs. 
2. the existence of serial interconnections between the 
capillairs may be assumed; if so, the soil pore 
system has the same behaviour as two serial bundles 
of capillairs, with an arbitrary law expressing the 
way how these interconnections are done ( often at 
random ). 
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The "models differ from each other in the interpretation 
of the geometrical configuration of the elementary pore 
and the estimate of its contribution to total permeability" 
(Mualem, 1986). The most well-known models applied in 
soil science are those of: 
A. Purcell (1949), and the variant of Burdine (1953) 
B. Childs and Collis-George (1950), and the variants of 
Marshall (1958), Willye and Gardner (1958), Millington 
and Quirk (1961) 
C. Mualem (1976b) 
In such models, since the water retention curve is known, 
the distribution function of the pore radii for the model 
i6 calculated on the basis of the model of Purcell (1949) 
and applying the equation of Laplace. Then, applying the 
Poiseuille's law for each capillair, an integral formula 
i6 derived, expressing the unsaturated conductivity of the 
soil as a function of its water content. 
b 
Fig. 8 - Schematic representation of the "statistical" 
models, showing the size distribution of pore connections 
(after Hubert,1978) 
(a): as described by Purcell (1949) ; 
by Childs and Collis-George (1950) or 
(b): as described 
by Mualem (1976b) 
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* Assuming a certain analytical form of the water retention 
curve, it is sometimes possible to transform the integral 
formula for unsaturated conductivity as an integrated form. 
Most common analytical forms of the water retention curve 
are those of Brooks and Corey (1964) and of van Genuchten 
(1978). 
These models have been tested for different soils (eg. 
see: Mualem,1976b; van Genuchten et al.,1985; Karvonen, 
1988). 
According to Mualem (1986), "the results indicate that 
there is not a single model that fits every soil". And 
from the 45 soils tested by Mualem (1976b), it appears 
that the very simple model of Averjanov (1953) provides 
a better global description for 10 cases, compared to 
three models of the "statistical models" category (and 
for 17 cases, compared only to the model of Mualem). 
Even more, the use of these models for different kinds 
of soils has shown that they cannot predict with enough 
accuracy experimental data if empirical "matching" terms 
are not used in formulas. Otherwise, differences on the 
prediction of hydraulic conductivities can be of 0.5 to 
2 orders of magnitude (eg. refer to the discussion of 
Bouma, 1977). 
These "matching" terms may be ju6t a constant (eg. the 
proportion between the experimental and the theorltical 
saturated conductivity values), but often, they cor-
respond to an empirical function that tries to take 
into account the tortuosity of the porous system. 
As a conclusion, the "calculation of hydraulic 
conductivity on the basis of the capillary pore 
interaction models a6 defined by Marshall and later 
modified by others, are successful for sandy apedal 
soils, but even then matching factors are needed. 
/.../ Application of the capillary pore-interaction 
model to clayey, often pedal soil has not been 
successful..." (Bouma, 1977). 
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342. THE MODEL OF "MUALEM-VAN GENUCHTEN" 
This is a particular ca6e of "statistical" model described 
by Mualem (1976b) and combined with the empirical formula 
proposed by van Genuchten (1978) for the description of 
the water retention curve. 
In this way, the model contains six input parameters: 
according to van Genuchten (1978), three parameters have 
a physical meaning ( 0s, Ks, 0r ) and three are empirical 
parameters ( e(, N, 1 ). 
Mualem (1976b) has found for 45 soils of different 
textures (Mualem,1976a) that the global residual variance 
is minimized with 1=0.5. However, the results of Mualem 
(1976b) show that 1 is soil-dependent, as well as other 
studies (Wosten et al.,1988). 
Also, several authors have suggested that the parameter 
9r is very difficult to measure (van Genuchten et al., 
1985) or should be considered as an empirical parameter 
(Lessard et al., 1985). 
Finally, some authors have shown that it was difficult 
sometimes to use this model with experimental values for 
0s and Ks : for instance, van Genuchten et al. (1985) 
indicate that "for undisturbed and especially aggregated 
soils, direct field measurements of K6 may prove to be 
extremely difficult: K could easily change several orders 
of magnitude with the application of only a few cm (of 
water) pressure." 
Also it has been suggested that a good description of 
the retention curve is important to get a good 
prediction of the unsaturated conductivity (Karvonen, 
1988 ; van Genuchten et al., 1985). Reignier (1986) 
remarks that the analytical function used here has a 
rather simple appearance, compared to some experimental 
results (this function has only one inflexion point). 
The previous remarks 6how that this model is not always 
satisfactory and i6 based on strong empirical assumptions 
But in comparison to other "statistical models", Mualem 
(1986) considers that "however, on an overall basis, 
Kr(0) curves computed with Mualem's formula have been 
in better agreement with measured data than the other 
models." (Kr represent the quota K/Ks). 
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4. ADVANTAGES AND DISADVANTAGES OF THE TWO PROCEDURES 
Here, advantages and disadvantages of the instantaneous 
profile method (Wind,1966) and of the nonlinear parameter 
estimation method are summarized: 
both methods 
advantages 
determination of both 
h(9) and K(9) 
disadvantages 
- hypotheses must be valid 
- reliable measurements 
- interpolations done reliable 
INSTANTANEOUS PROFILE M. 
particularity 
• general fit of h(9), 
then calculation "point 
by point" of K(9) 
advantages 
- quite simple calculation 
procedure 
- uniqueness of h(9) and 
K(9) points calculated 
disadvantages 
needs quite laborious 
measurements (eg. four 
tensiometers for 8 cm) 
h(9) and K(9) points 
obtained are limitated 
to the range of 
measurements (= range 
of tensiometers). 
large incertitudes on 
K(9) for high water 
contents (mainly). 
the errors on pF curve 
determination are 
forced into K(9). 
PARAMETER ESTIMATION M. 
particularity 
- simultaneous fit of 
h(9) and K(9) on all 
the data. 
disadvantages 
- quite complicate 
calculation procedure 
- problem of uniqueness 
of the solution (that 
depends on algorithms, 
on the choice of the 
model, on initial 
parameter estimations) 
advantages 
- in theory, a simplified 
experimental set-up can 
be used (eg. only one 
tensiometer) 
- data measured with 
another apparatus can 
be added to input file 
- h(9) and K(9) analytical 
curves could be extended 
over the range of 
measurements, provided the 
K-h-6 model has proved to 
be valid. 
- h(9) and K(9) are fitted 
6imulteanously on all the 
experimental data. 
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CONCLUSION AND PROPOSITIONS 
In this analysis I tried to show that the instantaneous 
profile method (Wind,1966) and the nonlinear parameter 
estimation method (Kool et al.,1987b) have both some 
advantages and some disadvantages : 
The instantaneous profile method is based on less 
hypotheses, but requires laborious measurements. 
Nonlinear parameter estimation method is based on 
stronger assumptions (eg. the validity of an 
analytical model to describe the soil hydraulic 
properties). Theoretically one could use a 
simplified set-up. 
For each method, it would be interesting to know 
exactely with wich precision it is possible to 
determine soil hydraulic properties. This kind of problem 
may be studied with two approaches: 
1. Numerical experiments : 
Because both procedures require complicate calculations 
(with iterative processes), it is not possible to estimate 
directly (with a formula) the influence of all sources 
of bias or experimental incertitudes on the calculation 
of conductivities. 
So, an easier theoritical approach is to make "numerical 
experiments": if the experimental set-up can be 
simulated numerically with enough accuracy, it becomes 
easy to use the simulated data for the calculation of 
soil hydraulic properties with each procedure. 
The advantage of such an approach is that "real" soil 
hydraulic properties are known as well as all the 
conditions in which the "experiment" has been done. 
But of course, the main criticizm of such an approach 
will be the reliabilty of the "experimental" data 
given by the simulations. 
The reliability of one numerical model for this type 
of study will be discussed in the second part of this 
work (Tamari,1988a). Then, in a third part, this 
numerical model will be used for numerical experiments 
(Tamari,1988b). 
50 
2. Using experimental data 
Of course the final purpose of this kind of work is 
to use the two methods for real experimental data. 
In that case, soil hydraulic properties are unknown: 
it is only possible to see if the results obtained 
with the two procedures results are in good agreement 
or not. 
Some results concerning experimental data will be 
presented, in the last part of this work (Tamari, 
1988c). 
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Appendix I 
NONLINEAR PARAMETER ESTIMATION METHODS ... (continued 3) 
SYMBOLS 
t 
e 
D 
time 
water content 
diffusivity 
z 
h 
q 
depth 
potential 
flux 
X 
K 
Q 
horizontal coordinate 
conductivity 
cumulative flux 
"Mualem VG I" 
"Mualem VG II" 
see Van Genuchten (1978) with 1 = 0.5 
see Van Genuchten (1978) with parameter 
1 estimated. 
SSQ : sum of squares 
RSQ : linear correlation coefficient between observations 
and their estimation 
AIC : Akaike information criterion (6ee Kool et al.,1987b) 
(1): according to Kool et al.(1985a) 
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Appendix II 
THE STARING-SERIES AND THE RESULTS OF A NONLINEAR 
REGRESSION ON THESE EXPERIMENTAL DATA. 
* "Soil water retention and hydraulic conductivity curves 
were determined for a wide variety of Dutch soils. The 
soils were classified according to soil textural class 
(a6 used by the Dutch Soil Survey), and type of horizon, 
being either topsoil (A-horizons) or subsoil (B- and C-
horizons)..." (Wosten et al.,1988). 
* The water retention characteristics have been determined 
on soil samples with the following methods (after Wosten 
et al.,1988): 
1. determination of the porosity (saturated water content) 
2. an evaporation technique (Boels et al.,1978 ; Bouma et 
al.,1983) for h > -800 cm 
3. the membrane plate pressure (Richards,1965) for 
h < -800 cm 
* The unsaturated hydraulic conductivity curves have been 
determined on soil samples with the following methods 
(after Wosten et al.,1988): 
1. the column method (eg. Bouma,1977) for the saturated 
hydraulic conductivity 
2. an update version of the crust-test method (eg. Bouma, 
1977) for -50 cm < h < 0 
3. the evaporation method (Wind,1966) for -800 cm < h < 0 
4. the sorptivity method (Dirksen,1979) for h < -50 cm 
and for coarse-textured soils 
5. the hot-air method (Arya et al.,1975) for h < -50 cm 
and for medium- to fine-textured soils 
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APPENDIX II 
THE STARING-SERIES ... (continued 1) 
The data obtained for one sample and for one method have 
been smoothed manually. 
Then the different data obtained for all the samples of 
the same group are put together. A mean curve is obtained 
with a 6pline technique: each point of this mean curve 
is the mean of 13 points. 
There are often some differences between the conductivity 
curves obtained for different samples of the same group 
and for different methods, but these differences have not 
been quantified (Bannink, STIBOKA, 1988, personal communi-
-cation). 
Wosten (1987) has fitted the analytical model of "Mualem-
van Genuchten" on these experimental data (Wosten et al., 
1987). 
Only the parameters ai , N and 1 have been fitted. The 
parameters 9s and Ks have been set equal to their 
experimental value, while 9r has been set equal to 0. 
The results correspond to a simultaneous fit of the water 
retention curve and of the K(h) curve. 
In the objective function to minimize, the method of 
pondération was not always the same: the relative weight 
of the points of the water retention characteristic were 
smaller for the sandy soils than for the more fine-textured 
soils (see Wosten et al.,1988). 
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APPENDIX II 
THE STARING SERIES (continued 2) 
Tab. - Analytical functions (van Genuchten,1978) directly 
fitted on soil hydraulic properties (after Wosten,1987) 
texture and 
code 
* 
(cro-1) 
N 
(-) 
1 
(-) 
9s 
(ro3/m3) 
Ks 
(cm/d) 
A- HORIZONS 
sand 
zavel 
clay 
peat 
sand 
zavel 
clay 
loam 
peat 
Bl 
B2 
B3 
B4 
B7 
B8 
BIO 
Bll 
B12 
B16 
B18 
01 
02 
03 
04 
05 
06 
08 
09 
010 
Oil 
012 
013 
015 
016 
017 
0.0208 
0.0224 
0.0152 
0.0163 . 
0.0158 
0.0313 
0.0519 
0.1562 
0.1689 
0.0134 
0.0284 
B 
0.0220 
0.0182 
0.0265 
0.0216 
0.0524 
0.0291 
0.0248 
0.0280 
0.0231 
0.0420 
0.0384 
0.1122 
0.0207 
0.0179 
0.0145 
1.646 
1.436 
1.412 
1.559 
1.287 
1.200 
1.126 
1.099 
1.068 
1.320 
1.141 
- AND C-
2.186 
1.870 
1.543 
1.540 
1.912 
1.152 
1.321 
1.283 
1.212 
1.125 
1.113 
1.063 
1.224 
1.275 
1.252 
0.571 
-0.304 
-0.213 
0.177 
0.248 
-3.578 
-6.552 
-8.067 
-10.286 
0.534 
1.086 
HORIZONS 
0.796 
0.911 
-0.333 
-0.520 
0.873 
-6.864 
-0.622 
-1.559 
-2.220 
-3.706 
-6.743 
-12.538 
-2.077 
0.539 
1.019 
0.37 
0.43 
0.45 
0.42 
0.40 
0.40 
0.44 
0.51 
0.57 
0.73 
0.71 
0.35 
0.38 
0.34 
0.36 
0.33 
0.41 
0.42 
0.41 
0.44 
0.42 
0.49 
0.58 
0.43 
0.87 
0.89 
33.34 
32.21 
17.81 
54.80 
25.10 
22.90 
31.10 
63.60 
98.20 
13.44 
34.80 
99.70 
63.90 
44.60 
53.10 
223.00 
5.48 
26.40 
24.00 
25.60 
61.00 
10.80 
38.00 
57.42 
14.66 
30.45 
• ( . -
